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1. INTRODUCTION

Finite element (FE) techniques have been extensively employed in the investigation of in-bore
projectile structural integrity (Rabem and Bannister 1991; Kaste and Wilkerson 1992; Burton 1993). For
conventional propulsion gun systems—that is, those having the projectile accelerated by gas pressure—a
generally accepted technique is to perform a quasi-static analysis (Sorensen 1991). Such an analysis
employs a force balance between the gas pressure and the inertial acceleration setback load. Standard
practice dictates that the peak pressure load be utilized when performing the analysis to subject the launch
package to a worst-case loading.

For the case of electromagnetically launched, solid armature driven projectiles, there is no gas
propulsive force. Typically, system specifications are written such that a peak acceleration capability is
defined. Previous analysis of a cannon-caliber projectile had used pressure instead of the electromagnetic
(EM) body force load to attain an equivalent maximum acceleration (Burton 1993). In that case, this
technique was felt to be an accurate representation of the loading since the projectile armature was aft of
the sabot body such that the EM force loading was concentrated at the rear. Such an arrangement lends
itself to the analogy of a base-pushed conventional design analysis.

The projectile design developed jointly by Kaman Sciences Corp. and the Center for Electromechanics-
University of Texas at Austin (CEM-UT) for the Cannon-Caliber Electromagnetic Gun (CCEMG) Program
has a mid-riding armature/sabot configuration. CEM-UT was responsible for the initial structural and
electromagnetic design and sizing of the discarding armature. Kaman Sciences had responsibility for the
detailed structural analysis of the Integrated Launch Package (ILP) and the design and sizing of the
subprojectile. Use of a gas pressure equivalent to model the projectile EM load would not accurately
reflect the force distribution throughout the projectile body. Therefore, it was decided to adopt a body
force loading technique. This was easily accomplished with the use of the ANSYS (DeSalvo and Gorman
1989) FE analysis code which allows for nodal force loading. The gas pressure equivalent method was
also done to show the difference in the results for the two load representations.

The CCEMG ILP analyzed in this report is the first iteration of an on-going developing design
(Zielinski 1993). Consequently, not all of the dimensional details are current nor applicable to those in
the final delivered machine shop drawings.




2. ILP GEOMETRY

The CCEMG ILP consists v' a tungsten penetrator core with a titanium fluted-flare attached for
acrodynamic stabilization (Figure 1). The subprojectile is supported in-bore by the armature/sabot
(Figure 2). The amature configuration utilizes the "tandem contact” concept which has two separate
armature surfaces in contact with the rail. The sabot’s design has some rather unique features which
increased the complexity of developing the FE geometry model.

For instance, the forward borerider has a v-shaped cut recessed into its front face which slopes to the
rear and produces some sharp angles in the model. These angles made it difficult to model the sabot using
only eight-noded brick elements while preserving a good aspect ratio within the elements. This was
especially true along the line where the V-cut intersected the cylindrical penetrator. The line along this
resulting intersection was a helical ellipse, and only with great care and effort was it possible to have
elements along the intersection that did not exhibit excessive twisting or have perverse aspect ratios.
Likewise, the aft ramp of the sabot, which has a hexagonal cross section, has very narrow elements which
were carefully tailored so as not to violate aspect ratio requirements.

To simplify the modeling, advantage was taken of projectile symmetry, so that only a quarter of the
ILP was modeled with two views of the FE geometry shown in Figures 3 and 4. The conical nosetip has
been converted to a cylinder with equivalent mass and appears orange in the figures. Similarly, the
titanium fluted-flare is incorporated as a lumped mass equivalent inside the hollow flare hub (as is shown
by the green elements in Figure 4). The fluted-flare is positioned in such a way so that the model’s center
of gravity coincides with that of the actual subprojectile. Use of the lumped mass equivalents for nosetips
and rear stabilizers is a common practice that simplifies the geometry model while still accurately
reflecting the stresses developed through the rod (Rabem and Bannister 1991).

The grooved interface between the penetrator and sabot was modeled using the average density
between the two materials, tungsten and aluminum. The elastic modulus of the more compliant material,
in this case aluminum, was selected for the interface elements. The sabot and rod were rigidly attached
since no sliding was allowed between the two with the material properties taken to be those at room
temperature. Table 1 provides a breakdown of the mass by components as calculated by the ANSYS code.
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Figure 3. FE model of one-quarter of CCEMG ILP.

Figure 4. Reverse angle view of CCEMG ILP model.
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Table 1. Computed Mass of CCEMG ILP Components

3. ILP LOADING

The ILP was modeled using the peak loading condition which was specified by an acceleration of
190,000 g’s. This inertial acceleration load was balanced against a force loading which was applied in
one case via an axial directed pressure along the rear amature contact. The other load application
technique used three-dimensional nodal force loads applied throughout the entire armature/sabot body.

To calculate the equivalent pressure load, Newton’s second law (force equals mass times acceleration)
was used. Dividing this force value by the area of the rear armature contact over which it is applied
results in a pressure of 116 ksi (800 MPa) for the equivalent pressure load.

For the case of the nodal force loading, the magnitude of the total projectile load was provided by
CEM-UT. Their code predicts the EM body forces for a stationary (velocity = 0) armature during the
transient current pulse. Values were provided for six discrete times with the time of the peak axial force,
75.9 kips (338 kN), employed in the FE analysis. The projectile body was divided into six regions as
shown in Figure 5, with each region carrying a different proportion of the overall load. The breakdown
of the axial and transverse forces attributable to each region is provided in Table 2. The negative signs
for the rail-to-rail and insulator-to-insulator forces denote that they are acting radially inward. Also listed
in the table is the number of nodes located in each region of the FE geometry model. Lacking any further
specific guidance on the force distribution, it was decided to uniformly distribute the total force across the
nodes in a region. For example, region 5 has 100 nodes that carry 1/4 of the total axial force (due to
quarter symmetry in the axial direction), 10.1 kips (45 kN), resulting in each node having a 101-1b (45 N)
applied load. Similarly, the transverse loads are applied with 1/2 the total force per region (due to half
symmetry in the transverse planes) being uniformly distributed among the nodes.

7
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1 2 3 4 X

Figure 5. CCEMG ILP regions for application of body force loads.

Table 2. Body Force Distribution Through the CCEMG Armature/Sabot

4. BOUNDARY CONDITIONS

When launching a projectile from an EM gun, the rails tend to be forced apart due to the in-bore EM
field (Zielinski 1988). Solid armatures are generally designed with an interference with the inner rail
surface in an attempt 10 ensure contact along the entire length of travel of the barrel (Price 1993).
Previous analysis of a cannon caliber launcher had shown rail separation due to EM loading to be 0.030 in
(0.762 mm) (Werst et al. 1993). However, for the bore geometry used in this analysis, an assessment of
the magnitude of rail separation was not available.

Lacking a firm knowledge of what constitutes a true representation of the boundary conditions, two
different conditions were applied along the top surface of the armature contacts (regions 5 and 6 in
Figure 5). In the first case, the armature contacts were displaced to the nominal bore diameter. Since the
amature contacts were designed with an interference fit, this boundary condition, in effect, meant that

The Following Page Intentionally Left Blank.




the leaves were compressed inward to conform with a barrel assumed to be rigid. In the second case, a
zero displacement condition was assumed. This condition allowed for no radial displacement of the
armature contact surfaces and was intended to replicate the condition of rail expansion with the armature
contacts fully extended to maintain contact. While it is understood that neither of these conditions match
actual launch conditions, their selection was intended to bound the actual launch condition that is likely

1o occur.
5. RESULTS

An FE analysis was performed for five cases assuming elastic material properties with various loading
and boundary conditions. The first two cases examined had the equivalent pressure load of 116 ksi
(800 MPa) applied to the rear armature contact. Case 1 employs the rigid barrel assumption with the top
surface of the armature contacts compressed. Case 2 also has the equivalent pressure load but utilizes the
zero displacement boundary condition.

Figures 6 and 7 depict the calculated stress contours for Case 1 of the penetrator and armature/sabot,
respectively. Table 3 contains values of the peak through-stress of both the sabot and penetrator. Also
listed is the highest localized stress value found in the sabot. While the maximum stress through the
penetrator is less than its yield strength of 225 ksi (1,550 MPa), the aluminum is subjected to stresses
much in excess of its 82 ksi (565 MPa) yield value. From Figure 7, it is seen that the entire rear armature
is subject to failure. ‘

Similarly, Figures 8 and 9 show the stresses for Case 2. From Figure 9, it may be noted that while
the rear armature does experience through-stresses above yield, this is only true for a portion of the
structure. Table 3 shows that the zero displacement boundary condition results in an alleviated stress state
through the sabot.

Case 3 was run using a rigid barrel assumption with the distributed nodal force loading. Figures 10
and 11 are provided with the stress plots for the rod and sabot, respectively. Figure 11 shows that the rear
armature contact has high Iocalized stresses but no through-section stresses above yield. However, the
front armature contact is subjected to a 122 ksi (838 MPa) through-stress. It was somewhat puzzling that
the analysis would predict failure of the front borerider under a predominantly axial load which acts
primarily, from Table 1, on the aft end. It was felt that the interference of the armature contacts with the

11
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Figure 6. Stress contours in penctrator from Case 1 analysis.
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Figurc 7. Stress contours in armature/sabot from Casc 1 analysis.
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Figure 8. Stress contours in penetrator from Case 2 analysis.
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Figure 9. Stress contours in armature/sabot from Case 2 analysis.
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Figure 10. Stress contours in penetrator from Case 3 analysis.

Figure 11. Stress contours in armature/sabot from Case 3 analysis.
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barrel may be excessive to the point that the armature would be incapable of withstanding the insertion
force into the bore.

To check this hypothesis, Case 4 was run with no applied loading. Only the rigid barrel boundary
condition was applied. Figures 12 and 13 show the stress contours for this case. From Figure 13, it is
seen that high localized stresses exist in both of the armature contacts. However, only the front armature
contact has a through-section stress in excess of yield, 91 ksi (627 MPa). Therefore, assuming a rigid
barrel, the front armature contact would plastically deform when inserted into the bore. This result
suggests that the maximum interference of the armature contacts, 0.06S in (0.165 cm) in the rear and
0.040 in (0.102 cm) in the front on the radius, is excessive and should be reduced.

Case 5 was done with the zero displacement boundary condition and the distributed nodal force
loading. Figures 14 and 15 show the stress state in the projectile components, and only a small localized
area at the base of the rear armature exceeds the yield value. From Table 3, it is noted that both the
penetrator and sabot peak through-stresses are well below yield.

6. CONCLUSIONS

The analysis of Case 4 points out the need to reduce the interference of the armature contacts with
the gun barrel. While it is conceded that the barrel does have some compliancy and will "give™ some
when the projectile is inserted, the fact that the results show stresses 10% over yield leads 1o the
conclusion that the interference should be less.

Both Cases 3 and S resulted in very low stresses through the penetrator and rear armature contact that
had acceptable stress levels. While Case S exhibited acceptable stress in the front armature contact,
Case 3 did not. However, it is felt that the elevated front armature stresses in Case 3 are a result of the
large interference with the gun bore. By reducing the interference as suggested previously, it is felt that
the stress in the front ammature contact would be significantly less. Therefore, based on the analysis
results, it is felt that the CCEMG ILP with reduced armature contact interference is structurally robust.

The results of the analysis also point out the importance of accurately modeling the EM body force
loading. Comparing Case 1 with 3 and Case 2 with 4 in Table 3, it is readily apparent that the use of an

21
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Figure 13. Stress contours in ammature/sabot from Case 4 analysis.
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Figure 14. Stress contours in penetrator from Case 5 analysis.

Figure 15. Stress contours in armature/sabot from Case 5 analysis.
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equivalent pressure load for a mid-riding EM armature results in significantly higher stress values.
Obviously, the more precise the magnitude of the nodal force loading, the more accurate the results of the
stress analysis will be. This lends credence to ongoing attempts to couple EM codes which predict current
density and subsequently body forces with structural FE codes. Accomplishing this will allow for very
accurate representation of the EM load on a projectile.

27




INTENTIONALLY LEFT BLANK.

28




7. REFERENCES

Burton, L. W. “"Structural Analysis of a Cannon-Caliber Electromagnetic Projectile.” ARL-TR-214,
U.S. Amny Research Laboratory, Aberdeen Proving Ground, MD, September 1993,

DeSalvo, G. J.,, and R. W. Gorman. "ANSYS Engineering Analysis System User’s Manual -
Revision 4.4." Swanson Analysis Systems, Inc., Houston, PA, May 1989,

Kaste,R.P., and S. A. Wilkerson. "An Improved Sabot Design and DYNA3D Analysis for the XM900E1
Kinetic Energy Projectile.” BRL-TR-3359, U.S. Amny Ballistic Research Laboratory, Aberdeen
Proving Ground, MD, June 1992.

Price, J. H. Private Communication. University of Texas Center for Electromechanics, Austin, TX,
June 1993,

Rabern, D. A. "Prediction by Finite Element Models of 120-mm Sabot/Rod Structural Response During
Launch." BRL-TR-3294, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD,
November 1991.

Sorensen, B. R. "Design and Analysis of Kinetic Energy Projectiles Using Finite Element Optimization.”
BRL-TR-3289, US. Amy Ballistic Research Laboratory, Aberdeen Proving Ground, MD,
November 1991.

Werst, M., J. Price, K. Cook, H. Yun, and H. Liu. "Cannon Caliber Electromagnetic Launcher
Independent Design Reivew.” Center for Electromechanics, The University of Texas at Austin, Austin,
TX, 13-14 April, 1993.

Zielinski, A. (ed). "Independent Analysis of the Cannon-Caliber, Electromagnetic Launcher Integrated
Launch Package (CCEMG ILP)." U.S. Ammy Research Laboratory, Aberdeen Proving Ground, MD,
14-15 July 1993.

Zielinski, A., J. Kezerian, and J. Beno. "An Interferometric Measurement Technique for Railgun

Structures.” BRL-MR-3646, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD, January 1988.

29




INTENTIONALLY LEFT BLANK.




No. of
Copies Organization

2 Administrator
Defense Technical Info Center
ATTN: DTIC-DDA
Cameron Station
Alexandria, VA 22304-6145

1 Commander
U.S. Army Materiel Command
ATIN: AMCAM
5001 Eisenhower Ave.
Alexandria, VA 22333-0001

1 Director
U.S. Ammy Research
ATTIN: AMSRL-OP-CI-AD,
Tech Publishing
2800 Powder Mill Rd.
Adelphi, MD 20783-1145

1 Director
U.S. Army Research Laboratory
ATTN: AMSRL-OP-CI-AD,
Records Management
2800 Powder Mill Rd.
Adelphi, MD 20783-1145

2 Commander
U.S. Army Armament Research,
Development, and Engineering Center
ATIN: SMCAR-TDC
" Picatinny Arsenal, NJ 07806-5000

1 Director
Benet Weapons Laboratory
U.S. Army Armament Research,
Development, and Engineering Center
ATIN: SMCAR-CCB-TL
Watervliet, NY 12189-4050

1 Director
U.S. Atmy Advanced Systems Research
and Analysis Office (ATCOM)
ATTIN: AMSAT-R-NR, M/S 219-1
Ames Research Center
Moffest Field, CA 94035-1000

No. of
Copies Organization

1 Commander
U.S. Amy Missile Command
ATTN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL 35898-5010

1 Commander
U.S. Amy Tank-Automotive Command
ATTN: AMSTA-JSK (Armor Eng. Br)
Warren, MI 48397-5000

1 Director
U.S. Army TRADOC Analysis Command
ATTIN: ATRC-WSR
White Sands Missile Range, NM 88002-5502

(Qass. only) ) Commandant
U.S. Army Infantry School
ATTN: ATSH-CD (Security Mgr.)
Fort Benning, GA 31905-5660
(Unclas. only) | Commandant

31

U.S. Ammy Infantry School
ATIN: ATSH-WCB-O
Fort Benning, GA 31905-5000

1 WL/MNOI
Eglin AFB, FL 32542-5000

Aberdeen Proving Ground

2 Dir, USAMSAA
ATTN: AMXSY-D
AMXSY-MP, H. Cohen

1 Cdr, USATECOM
ATTIN: AMSTE-TC

1  Dir, USAERDEC
ATTN: SCBRD-RT

1 Cdr, USACBDCOM
ATTIN: AMSCB-CIl

1  Dir, USARL
ATIN: AMSRL-SL-I

5  Dir, USARL
ATIN: AMSRL-OP-AP-L




No. of

Copies Organization

11

Director
Benet Weapons Laboratory
U.S. Army Armament Research,
Development, and Engineering Center

ATTIN: SMCAR-CCB,

F. Heizer

J. Keane

T. Allen

J. Vasilakis

G. Friar

J. Zweig

T. Simkins

V. Montvori

J. Wrzochalski

G. D’Andrea

R. Hasenbein
Watervliet, NY 12189

Commander

ATTN: SMCWV-QAE-Q, C. Howd
Bldg. 44, Watervliet Arsenal
Watervliet, NY 12189-4050

Commander

ATTN: SMCWV-SPM, T. McCloskey
Bldg. 25/3, Watervliet Arsenal
Watervliet, NY 12189-4050

Commander
U.S. Army Ammament Research,
Development, and Engineering Center
ATTN: SMCAR-CCH-T,
S. Musalli
P. Christian
K. Fehsal
N. Krasnow
R. Carr
Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Ay Ammament Research,
Development, and Engineering Center

ATTN: SMCAR-CCH-V, E. Fennell

Picatinny Arsenal, NJ 07806-5000

32

No. of

Copies Organization

1

Commander

U.S. Aty Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCH, J. DelLorenzo

Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Army Armmament Research,
Development, and Engineering Center

ATTN: SMCAR-CC, J. Hedderich

Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCH-P, J. Lutz

Picatinny Arsenal, NJ 07806-5000

Commander
U.S. Army Armament Research,
Development, and Engineering Center
ATTN: SMCAR-TD,
R. Price
V. Linder
T. Davidson
Picatinny Arsenal, NJ (07806-5000

Commander

Production Base Modernization Activity

U.S. Army Amament Research,
Development, and Engineering Center

ATIN: AMSMC-PBM-K

Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Army Belvoir RD&E Center
ATTN: STRBE-JBC, C. Kominos
Fort Belvoir, VA 22060-5606

Commander

U.S. Army Missile Command

ATTN: AMSMI-RD, W. McCorkle
AMSMI-RD-ST, P. Doyle

Redstone Arsenal, AL 35898




No. of

Copies Organization

2

Commander
U.S. Army Armament Research,
Development, and Engineering Center
ATTN: SMCAR-CCL-FA,
H. Moore
B. Schlenner
Bldg. 65N
Picatinny Arsenal, NJ 07806-5000

Commander
U.S. Army Armament Research,
Development, and Engineering Center
ATTN: SMCAR-FSA-M,
R. Botticelli
F. Diorio
Picatinny Arsenal, NJ 07806-5000

Commander

U.S. Army Amament Research,
Development, and Engineering Center

ATTN: SMCAR-FSA, C. Spinelli

Picatinny Arsenal, NJ 07806-5000

Commander
U.S. Army Armament Research,

- Development, and Engineering Center

ATTN: SMCAR-FSE,
T. Gora
E. Andricopoulos
B. Knutelsky
A. Graf
J. Bennett
C. Dunham

R. Brognara
Picatinny Arsenal, NJ 07806-5000

Project Manager
Advanced Ficld Artillery System
ATTN: COL Napoliello
LTC A. Ellis
G. DelCoco
Picatinny Arsenal, NJ 07806-5000

Commander

Watervliet Arsenal

ATTN: SMCWV-QA-QS, K. Insco
Watervliet, NY 12189-4050

33

No. of

Copies Organization

2

Project Manager
SADARM
Picatinny Arsenal, NJ 07806-5000

Project Manager
Tank Main Armament Systems
ATTIN: SFAE-AR-TMA,
COL Hartline
C. Kimker
Picatinny Arsenal, NJ 07806-5000

Project Manager
Tank Main Armament Systems
ATTN: SFAE-AR-TMA-MD,
H. Yuen
J. McGreen
Picatinny Arsenal, NJ 07806-5000

Project Manager
Tank Main Armament Systems
ATTN: SFAE-AR-TMA-MS,

R. Joinson

D. Guziewicz
Picatinny Arsenal, NJ 07806-5000

Project Manager

Tank Main Amament Systems

ATTIN: SFAE-AR-TMA-MP, W. Lang
Picatinny Arsenal, NJ 07806-5000

U.S. Army Research Laboratory
Advanced Concepts and Plans
ATTN: AMSRL-CP-CA, D. Snider
2800 Powder Mill Rd.

Adelphi, MD 20783

U.S. Army Materiel Command
ATTN: AMCSCI, R. Chait
5001 Eisenhower Ave.
Alexandria, VA 22333-0001

PEO-Armaments
ATTN: SFAE-AR-PM,

D. Adams

T. McWilliams
Picatinny Arsenal, NJ 07806-5000




No. of

Copies Organization

2

U.S. Amy Research Office
Dir., Math & Computer Sciences Div.
ATTN: A. Crowson

AMXRO-MCS, J. Chandra
P.O. Box 12211
Research Triangle Park, NC 27709-2211

NASA Langley Research Center

Mail Stop 266

ATTIN: F. Barlett, Jr.
AMSRL-VS, W. Elber

Hampton, VA 23681-0001

Commander

Wright-Patterson Air Force Base
ATTN: AFWAML, R. Kim
Dayton, OH 45433

Commander
DARPA
ATTIN: J. Kelly
B. Wilcox
3701 North Fairfax Dr.
Arlington, VA 22203-1714

Director
U.S. Amy Research Laboratory
Materials Technology Directorate
ATTN: AMSRL-MA-P,
L. Johnson
B. Halpin
T. Chou
AMSRL-MA-PA,
D. Granville
W. Haskell
AMSRL-MA-MA, G. Hagnauer
Watertown, MA  02172-0001

Naval Research Laboratory
Code 6383

ATTN: Dr. L. Wolock
Washington, DC 20375-5000

Office of Naval Research
Mechanical Division Code 1132-SM
ATTN: Y. Rajapakse

Arlingion, VA 22217

No. of

Copies Organization

2

David Taylor Research Center
ATTN: R. Rockwell

W. Phyillaier
Bethesda, MD  20054-5000

David Taylor Research Center

Ship Structures and Protection Dept.
ATIN: J. Carrado, Code 1702
Bethesda, MD 20084

Director
Lawrence Livermore National Laboratory
ATTN: R. Christensen

S. deTeresa

W. Feng

F. Magness
P.O. Box 808

Livermore, CA 94550

Pacific Northwest Laboratory
A Div. of Batielle Memorial Institute
Technical Information Section
ATTN: M. Smith

M.C.C. Bampton
P.O. Box 999
Richland, WA 99352

Director
Sandia National Laboratories
Applied Mechanics Dept.
Division-8241
ATTN: C. Robinson
G. Benedetti
W. Kawahara
K. Perano
D. Dawson
P. Nielan
P.O. Box 969
Livermore, CA 94550-0096

Director

Los Alamos National Laboratory
ATTN: D. Rabem

MEE-13, Mail Stop J-576

P.O. Box 1633

Los Alamos, NM 87545




No. of

Copies Organization

1

The University of Texas at Austin
Center for Electromechanics

ATTN: J. Price

10100 Bumet Rd.

Austin, TX 78758-4497

Virginia Polytechnical Institute

and State University, Dept. of ESM

ATTN: M. W. Hyer
K. L. Reifsnider
Blacksburg, VA 24061-0219

University of Dayton Research Institute

ATTN: R. Y. Kim

A. K. Roy
300 College Park Ave.
Dayton, OH 45469-0168

University of Dayton
ATTN: J. M. Whitney
300 College Park Ave.
Dayton, OH 45469-0240

Drexell University
ATTN: A. S.D. Wang

~ 32nd and Chestnut Sts.

Philadelphia, PA 19104

Purdue University
School of Aeronautics and
Astronautics

ATIN: C.T. Sun

West Lafayette, IN 47907-1282

University of Kentucky
ATTN: L. Penn

763 Anderson Hall
Lexington, KY 40506-0046

University of Delaware
Center for Composite Materials
ATTN: J. Gillespe
B. Pipes
M. Santare
201 Spencer Laboratory
Newark, DE 19716

35

No. of
Copies

2

anization

North Carolina State University
Civil Engineering Department
ATTN: W, Rasdorf
L. Spainhour
P.O. Box 7908
Raleigh, NC 27696-7908

University of Utah

Dept. of Mechanical and
Industrial Engineering

ATTN: S. Swanson

Salt Lake City, UT 84112

Stanford University
Dept. of Aeronautics and
Aecroballistics Durant Building
ATTN: 8. Tsai
Stanford, CA 94305

Pennsylvania State University
ATTN: R. S. Engle

245 Hammond Bldg.
University Park, PA 16801

Pennsylvania State University
ATTN: D. W. Jensen

223-N Hammond

University Park, PA 16802

Pennsylvania State University
ATTN: R. McNiu

227 Hammond Building
University Park, PA 16802

UCLA

MANE Dept., Engineering IV
ATTN: H.T. Hahn

Los Angeles, CA 90024-1597

University of Illinois at
Urbana-Champaign

National Center for Composite
Materials Research

216 Talbot Laboratory

ATTN: J. Economy

104 S. Wright St.

Urbana, IL 61801




- [

Organization

IAP Research, Inc.
ATTN: A. Challita
2763 Culver Ave.
Dayton, OH 45429

FMC Corporation
Mail Stop M170
ATTIN: B. Goodell
B. Anderson
4800 East River Road
Minneapolis, MN 55421-1498

Olin Corporation

Flinchbaugh Division

ATTN: E. Steiner
B. Stewart

P.O. Box 127

Red Lion, PA 17356

Olin Corporation
ATTN: L. Whitmore
10101 9th St., North

St. Petersburg, FL 33702

Alliant Techsystems, Inc.
ATTN: C. Candland

J. Bode

K. Ward
5901 Lincoln Dr.
Minneapolis, MN 55346-1674

Alliant Techsystems, Inc.

Precision Armaments Systems Group
7225 Northland Dr.

Brooklyn Park, MN 55428

Chamberiain Manufacturing Corporation
Research and Development Division

ATIN: T.Lynch

550 Esther St.

P.O. Box 2335

Waterloo, IA 50704

Custom Analytical Engineering Systems, Inc.

ATTN: A. Alexander
Star Route, Box 4A
Flintstione, MD 21530

No. of

2 Institute for Advanced Technology
ATTN: T. Kichne
H. Fair
4030-2 W. Braker La.
Austin, TX 78759

2 Kaman Sciences Corporation
ATIN: D. Elder
T. Hayden
P.O. Box 7463
Colorado Springs, CO 80933

3 LORAL/Vought Systems
ATTN: G. Jackson
K. Cook
L. L. Hadden
1701 W. Marshall Dr.
Grand Prairie, TX 75051

1 Interferometrics, Inc.
ATTN: R. Larriva, Vice President
8150 Leesburg Pike
Vienna, VA 22100

1  ARMTEC Defense Products
ATIN: S. Dyer
85-901 Ave. 53
P.O. Box 848
Coachella, CA 92236

Aberdeen Proving Ground

8 Dir, USARL
ATIN: AMSRL-SL-BE, Chief

AMSRL-WT-WC, Chief
AMSRL-WT-WB,

W. D’Amico

A. Zielinski

J. Powell
AMSRL-WT-TC,

Chief

R. Coates
AMSRL-WT-TA, Chief




No. of
Copies Organizas
18  Dir, USARL (continued)
ATTN: AMSRL-WT-PD,
Chief
W. Drysdale
K. Bannister
T. Bogetti
J. Bender
R. Muray
R. Kirkendall
T. Edline
D. Hopkins
S. Wilkerson
R. Kaste
L. Burton
J. Tzeng
C. Jacger
AMSRL-WT-PA, Chief
AMSRL-WT-PC, Chief
AMSRL-WT-PB, Chief

Adetphi

9  Dir, USARL
ATIN: AMSRL-WT-PD (ALC),
. A. Abrahamian
K. Bames
M. Berman
H. Davison
A. Frydman
T.Li
W. Mcintosh
E. Szymanski
H. Watkins

37




INTENTIONALLY LEFT BLANK.

38




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers to the items/questions below will aid us in our efforts.

1. ARL Report Number ARL-TR-482 Date of Report __July 1994

2. Date ReportReceived

3. Does this repont satisfy a need? (Comment on purpose, related project, or other area of interest for
which the report will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of
ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved,
operating costs avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate
changes to organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
above and the OId or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




NQ PCSTAGE

—

ATTN: AMSRL-OP-CI-B (Tech Lib)
~_'Aberdeen Proving Ground, MD_21005-5066

NECESSAAY
. IF MAILED
' IN THE
} UNIT
orcasusiess - | BUSINESSREPLYMAIL | . . | ™™"
: . RST QUSS FE3MIT Ko 0001, APS, MD - A
b
- ) Pcstage will 3¢ yaid Dy addressee.
_
b
Director IEEE—
. U.S. Amy Research Laboratory [
SRR




